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outlet, a heater proximate the outlet, the heater configured to
heat the air as the air passes the heater and a perforated
diffuser plate between the fan and the heater.
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1

3D PRINTER WITH INCREASED
UNIFORMITY OF BUILD CHAMBER
TEMPERATURE

BACKGROUND

The present disclosure relates to additive manufacturing,
systems for 3D printing of parts by material extrusion
techniques. In particular, the present disclosure relates to a
3D printer with increased temperature umiformity across the
width of a build envelope of the build chamber, whether the
build chamber includes one heating zone or a plurality of
heating zones. All references disclosed herein are incorpo-
rated by reference.

Additive manufacturing, also called 3D printing, 1s gen-
erally a process 1n which a three-dimensional (3D) part 1s
built by adding material to form a 3D part rather than
subtracting material as 1n traditional machining. Using one
or more additive manufacturing techniques, a three-dimen-
sional solid part of virtually any shape can be printed from
a digital model of the part by an additive manufacturing
system, commonly referred to as a 3D printer. A typical
additive manufacturing work flow includes slicing a three-
dimensional computer model 1nto thin cross sections defin-
ing a series of layers, translating the result mto two-dimen-
sional position data, and transmitting the data to a 3D printer
which manufactures a three-dimensional structure i1n an
additive build style. Additive manufacturing entails many
different approaches to the method of fabrication, including
material extrusion, ik jetting, powder bed fusion, binder
jetting, direct energy deposition, electrophotographic imag-
ing, and vat photopolymerization (including digital light
curing and stereolithographic processes).

In a typical extrusion-based additive manufacturing sys-
tem (e.g., Tused deposition modeling systems developed by
Stratasys, Inc., Eden Prairie, MN), a 3D part may be printed
from a digital representation of the printed part by extruding
a viscous, flowable thermoplastic or filled thermoplastic
material from a print head along toolpaths at a controlled
extrusion rate. The extruded flow of material 1s deposited as
a sequence of roads onto a substrate, where 1t fuses to
previously deposited material and solidifies upon a drop in
temperature. The print head includes a liquefier which
receives a supply of the thermoplastic material 1n the form
of a flexible filament, and a nozzle tip for dispensing molten
material. A filament drive mechanism engages the filament
such as with a drive wheel and a bearing surface, or pair of
toothed-wheels, and feeds the filament into the liquefier
where the filament 1s heated to a molten pool. The unmelted
portion of the filament essentially fills the diameter of the
liquetier tube, providing a plug-tflow type pumping action to
extrude the molten filament material further downstream 1n
the liquefier, from the tip to print a part, to form a continuous
flow or toolpath of resin material. The extrusion rate is
unthrottled and 1s based only on the feed rate of filament into
the liquefier, and the filament 1s advanced at a feed rate
calculated to achieve a targeted extrusion rate, such as is
disclosed in Comb U.S. Pat. No. 6,547,993,

In a system where the material 1s deposited in planar
layers, the position of the print head relative to the substrate
1s mcremented along an axis (perpendicular to the build
plane) after each layer 1s formed, and the process i1s then
repeated to form a printed part resembling the digital rep-
resentation. In fabricating printed parts by depositing layers
ol a part material, supporting layers or structures are typi-
cally built underneath overhanging portions or in cavities of
printed parts under construction, which are not supported by
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the part matenial itself. A support structure may be built
utilizing the same deposition techmques by which the part

material 1s deposited. A host computer generates additional
geometry acting as a support structure for the overhanging
or free-space segments of the printed part being formed.
Support material 1s then deposited pursuant to the generated
geometry during the printing process. The support material
adheres to the part material during fabrication and 1s remov-
able from the completed printed part when the printing
process 1s complete.

A multi-axis additive manufacturing system may be uti-
lized to print 3D parts using fused deposition modeling
techniques. The multi-axis system may include a robotic arm
movable 1n multiple degrees of freedom. The multi-axis
system may also include a build platform movable in two or
more degrees of freedom and independent of the movement
of the robotic arm to position the 3D part being built to
counteract eflects of gravity based upon part geometry. An
extruder may be mounted at an end of the robotic arm and
may be configured to extrude material with a plurality of
flow rates, wherein movement of the robotic arm and the
build platform are synchronized with the flow rate of the
extruded matenal to build the 3D part. The multiple axes of
motion can utilize complex tool paths for printing 3D parts,
including single continuous 3D tool paths for up to an entire
part, or multiple 3D tool paths configured to build a single
part. Use of 3D tool paths can reduce 1ssues with traditional
planar toolpath 3D printing, such as stair-stepping (layer
aliasing), seams, the requirement for supports, and the like.
Without a requirement to print layers of a 3D part 1n a single
build plane, the geometry of part features may be used to
determine the orientation of printing.

There 1s a need to improve temperature uniformity n 3D
printers to improve part quality whether 1n a 3D printer with
one heating zone or a plurality of heating zones. There 1s
also a need to substantially evenly distribute air flow over
in-duct heaters to increase the useful life of the heaters.

SUMMARY

An aspect of the present disclosure relates to an extrusion-
based 3D printer configured to print 3D parts 1n a layer-by-
layer manner. The 3D printer includes a heated build cham-
ber, a build platen within the chamber and at least one print
head configured to extrude material onto the build platen or
previously extruded material wherein the at least one print
head 1s configured to move 1n a print plane. The 3D printer
includes at least one air intake and exhaust system that
includes ductwork having an inlet configured to intake air
from the build chamber and an outlet configured to exhaust
air 1nto the build chamber proximate the build plane, a fan
proximate the inlet and configured to draw air into the
ductwork through the inlet and propel the air towards the
outlet, a heater proximate the outlet, the heater configured to
heat the air as the air passes the heater and a perforated
diffuser plate between the fan and the heater. The perforated
diffuser plate 1s configured to resist air tlow to raise a
pressure on an upstream side of the diffuser plate to be
substantially constant across a cross-sectional area of the
ductwork proximate the diffuser plate. The diffuser plate
having through bores configured in a pattern to allow air to
pass therethrough such that the air has a substantially
uniform velocity profile with laminar tlow as the air engages
the heater.

Another aspect of the present disclosure relates to a 3D
printer system configured to print parts by depositing molten
extruded material along tool paths. The system includes a
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chamber comprising opposing side walls and a platen on
which molten extruded build material 1s to be deposited
along tool paths to print a part 1n a layer-wise manner within
the chamber, the platen configured to move between the
opposing side walls. The system includes a heating system
for locally heating the chamber in a build plane above the
platen. The heating system comprising opposing air intake
and exhaust systems located on exterior surfaces of the
opposing side walls. Each air intake and exhaust system
includes ductwork having an inlet configured to intake air
from the build chamber and an outlet configured to exhaust
air 1nto the build chamber proximate the build plane, a fan
within the ductwork proximate the inlet and configured to
draw air 1nto the ductwork through the inlet and propel the
air towards the outlet, a heater within the ductwork proxi-
mate the outlet, the heater configured to heat the air as the
air passes the heater before discharge from the outlet, and a
perforated difluser plate between the fan and the heater. The
perforated diffuser plate configured to resist air flow to raise
a pressure on an upstream side of the diffuser plate to be
substantially constant across a cross-sectional area of the
ductwork proximate the diffuser plate, the diffuser plate
having through bores configured in a pattern to allow air to
pass therethrough such that the air has a substantially
uniform velocity profile with laminar flow as the air engages
the heater.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a front view of a 3D printer configured to print
printed parts and support structures.

FI1G. 2 1s perspective view of the chamber of this disclo-
sure having an air intake and exhaust system with a diffuser
plate.

FIG. 3 1s a schematic view of velocity profiles of air
propelled by a fan 1n ductwork.

FIG. 4 1s a schematic view of velocity profiles of a
propelled by a fan with a diffuser plate i the ductwork.

FIG. § 1s a perspective view of a straight ductwork with
a diffuser plate.

FIG. 6 1s a side view of the straight ductwork with the
diffuser plate.

FIG. 7 1s a perspective view of a substantially “U” shaped
ductwork with a diffuser plate.

FIG. 8 1s a side view of the substantially “U” shaped
ductwork with the diffuser plate.

FIG. 9 1s a front view of a difluser plate.

FI1G. 10 1s a graph of a temperature profile 1n a build plane
where the ductwork does not contain a diffuser plate.

FIG. 11 1s a graph of a temperature profile 1n a build plane
where the ductwork includes a diffuser plate.

FIG. 12 1s a view of simulation or model of air flow 1n a
substantially “U” shaped ductwork without a diffuser plate.

FIG. 13 1s a view of simulation or model of air flow 1 a
substantially “U” shaped ductwork with a diffuser plate.

DETAILED DESCRIPTION

The present disclosure relates a 3D printer with increased
temperature uniformity 1n and about the width of a printing
envelope within a heated chamber by utilizing a perforated
diffuser plate within the ductwork of an air intake and
exhaust systems. In some printer systems, the temperature
within the printer 1s purposefully kept warmer at the upper
portion of the print volume, where the printing operation 1s
occurring on a platen. Having a cooler temperature envi-
ronment for the earlier portion of a print job can aid the part
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in the solidification process. However, a varying tempera-
ture within the heated chamber across the width of the
platen, at a particular z height, typically due to non-uniform
air flow, can cause parts printed at various positions on the
platen to experience a different thermal history, and thus
quality of each part may potentially vary. Increasing tem-
perature uniformity at a particular z height across the
printing envelope 1mpacts part quality by increasing the
uniformity of adhesion between extruded rows within a
layer (intralayer) and between extruded layers (interlayer).
Further, the uniform temperature across the platen (X & Y)
aids 1n maintaining the 3D part being printed at a substan-
tially constant intralayer temperature which aids preventing,
part stresses when an extruded layer cools, resulting in
reduced curling and delamination between layers. Addition-
ally, printing a 3D part in an environment that has a
substantially uniform temperature 1n and about the printing
envelope enhances surface finish, prevents thermal degra-
dation due to excessive heating or poor adhesion due to
excessive cooling.

Exemplary air intake and exhaust systems for a 3D printer
includes ductwork having an inlet that draws air from the
heated chamber with a fan, heats the air with a heater within
the ductwork, and exhausts the heated air through an outlet
back into the heated chamber, proximate the printing enve-
lope, the z height where printing occurs on a part build. The
cold air 1nlet can be located proximate a vertical location of
the outlet, such that the ductwork 1s substantially “U”
shaped. Alternatively, the inlet can be located below the
outlet such that the heating ductwork has a substantially
straight air flow path, where the air inlet 1s at a lower z height
and draws from cooler air within the printing volume. Other
configurations of the inlet and the outlet are also within the
scope of the present disclosure.

Whichever air 1nlet configuration 1s used for the air intake
and exhaust systems, a fan 1s located within the ductwork or
proximate the inlet to the ductwork, where the fan draws the
heated air into the heat distribution system through the inlet
and propels the air through the ductwork of the heat distri-
bution system and out of the outlet and into the printing
envelope. The air intake and exhaust system includes the
heater, typically a resistance heater, that 1s positioned within
the ductwork between the fan and the outlet to heat the air
to a selected oven temperature.

A typical fan, such as a centrifugal fan, draws air 1nto the
ductwork of the heat distribution system and propels the air
towards the outlet typically unevenly distributes the volu-
metric flow rate of the air. The air flow 1n the ductwork
depends on the configuration or shape of the duct itself, and
the air flow rate will vary significantly across 1ts width, with
a higher volumetric flow rate proximate the closest wall
where air 1s discharged from the fan, and a lower volumetric
flow rate at an opposite wall. The uneven volumetric tlow
rate distribution across the duct width results in uneven air
flow at the outlet, and uneven heating across the X and Y
plane within the build envelope of the oven. The uneven heat
within the build envelope can result in uneven layer adhe-
sion 1n some regions of the part and overheating in other
regions. Additionally, 1n some 1nstances, air passing through
one region of the heater proximate the wall experiences such
a low volumetric tlow rate that there insuilicient hea
exchange, resulting 1n a portion of the heater to overheat and
to discolor, melt or scorch the ductwork wall surface, and/or
prematurely cause the heater to fail.

The present disclosure utilizes a perforated diffuser plate
within the ductwork of the air mntake and exhaust systems
between the fan and the heater to cause the air flowing
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through the ductwork to be substantially uniform 1n velocity
profile and volumetric flow rate across the cross-sectional
area ol the duct. The perforated diffuser plate restricts the
cross-sectional area 1n the ductwork through which air can
pass. The restricted cross-sectional area causes an increase
and substantial equalization 1n pressure at the inlet side of
the perforated diffuser plate. With the substantial equaliza-
tion of pressure across the area of the inlet side of the
perforated diffuser plate, a substantially uniform velocity
profile and volumetric air flow rate through the ductwork
past the diffuser plate results. Frictional drag proximate the
ductwork walls will still occur, but will be minor. The flow
of air across the cross-sectional area of the ductwork 1is
substantially laminar in nature, and the air entering the inlet
to the heater will be at a substantially uniform flow rate,
resulting 1n a more uniform volumetric flow rate and tem-
perature of air exiting the heater. The substantially uniform
heating of the air results 1n a more uniform temperature
profile as the air exits the outlet and heats the printing
envelope. The more uniform temperature profile increases
the quality of the 3D parts being printed by ensuring that
cach part experiences a substantially similar temperature
history regardless of 1ts position on the build platen.

The perforations located within the diffuser plate cause
the mmcoming airflow to intermix and come to a more
balanced velocity across the width of the ductwork prior to
being heated. The perforations may have substantially uni-
form diameters, or may be a plurality of hole sizes custom-
1zed to even further balance the airtlow requirements. The
percent restriction of the diffuser plate in the ductwork
requires a balance between fan power versus backpressure
or pressure restriction. If there are too few holes, or too small
a percentage of an open surface area in the plate, then a more
powerlul fan would be required to overcome that pressure
restriction. Conversely, if there are too many holes, or too
large a percentage of an open surface area, then the air may
not mtermix adequately, and the pressure may not substan-
tially equalize over the area of the diffuser plate. The result
would be an uneven velocity profile, uneven volumetric flow
rate through the diffuser plate and through the heater sur-
faces, and an uneven temperature profile exiting the duct-
work. An uneven temperature profile exiting the ductwork
translates into an uneven temperature across the build enve-
lope.

An exemplary range of the percentage of open or open
surface area, 1n the diffuser plate 1s between about 35% and
about 75%. A more exemplary range of open space in the
diffuser plate 1s between about 37% and about 65% and even
more particularly between about 40% and about 60%.

A typical heating ductwork configuration of the air intake
and exhaust system includes a constricted portion where the
tan 1s located. Air exiting the fan transitions to an expansion
zone where the cross-sectional area increases, and then a
substantially constant cross-sectional area region after the
expansion zone where the heater 1s located. The diffuser
plate 1s preferably placed within the ductwork in the sub-
stantially constant cross-sectional area zone, proximate the
inlet to the heater, to induce substantially laminar and even
flow over the heater to provide a more constant temperature
profile as the air exits the ductwork. The diffuser plate 1s
typically located about one to about two diffuser plate
heights from the inlet to the heater so that the air flow 1s
substantially laminar over the heater.

The present disclosure may be used with any suitable
extrusion-based additive manufacturing system. For
example, FIG. 1 1illustrates a 3D printer 10 that has a
substantially horizontal print plane where the part being
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printed 1s indexed 1n a substantially vertical direction as the
part 1s printed 1n a layer by layer manner using two print
heads 18A, 18B. The illustrated 3D printer 10 uses two
consumable assemblies 12, where each consumable assem-
bly 12 1s an easily loadable, removable, and replaceable
container device that retains a supply of a consumable
filament for printing with 3D printer 10. Typically, one of the
consumable assemblies 12 contains a part material filament,
and the other consumable assembly 12 contains a support
material filament, each supplying filament to one print head
18A or 18B. However, both consumable assemblies 12 may
be 1dentical 1n structure. Each consumable assembly 12 may
retain the consumable filament on a wound spool, a spool-
less coil, or other supply arrangement, such as discussed 1n

Swanson et al., U.S. Pat. No. 8,403,658; Turley et al., U.S.
Pat. No. 7,063,285; Taatjes at al., U.S. Pat. No. 7,938,356;
and Mannella et al., U.S. Pat. Nos. 8,985,497 and 9,073,263.

Each print head 18A and 18B 1s an easily loadable,

removable and replaceable device comprising a housing that
retains a liquefier assembly 20 having a nozzle tip 14. Each
print head 18A and 18B 1s configured to receive a consum-
able material, melt the maternial 1n liquefier assembly 20 to
product a molten matenal, and deposit the molten material
from a nozzle tip 14 of liquetfier assembly 20. Examples of
suitable liquetfier assemblies for print head 18 include those
disclosed 1n Swanson et al., U.S. Pat. No. 6,004,124; [.aBos-
siere, et al., U.S. Pat. No. 7,604,470, Leavitt, U.S. Pat. No.
7,625,200; and Batchelder et al., U.S. Pat. No. 8,439,665.
Other suitable liquetier assemblies include those disclosed 1n
U.S. Patent Publications Nos. 2015/0096717 and 2015/
0097053; and 1n PCT publication No. WO2016014543A.

Guide tube 16 interconnects consumable assembly 12 and

print head 18A or 18B, where a drive mechamism of print
head 18A or 18B (or of 3D printer 10) draws successive

segments of the consumable filament from consumable
assembly 12, through guide tube 16, to liquefier assembly 20
of print head 18A or 18B. In this embodiment, guide tube 16
may be a component of 3D printer 10, rather than a
sub-component of consumable assemblies 12. In other
embodiments, guide tube 16 1s a sub-component of consum-

able assembly 12, and may be interchanged to and from
system 10 with each consumable assembly 12. During a
build operation, the successive segments of consumable
filament that are driven into print head 18A or 18B are
heated and melt 1n liquefier assembly 20. The melted mate-
rial 1s extruded through nozzle tip 14 1n a layer wise pattern
to produce printed parts.

3D printer 10 prints 3D parts or models and correspond-
ing support structures (e.g., 3D part 22 and support structure
24) from the part and support material filaments, respec-
tively, of consumable assemblies 12, using a layer-based,
additive manufacturing technique. Suitable additive manu-
facturing systems for system 10 include fused deposition
modeling 3D printers developed by Stratasys, Inc., Eden
Prairie, MN under the trademarks “FDM”.

As shown, 3D printer 10 includes cabinet 26, chamber 28,
platen 30, platen gantry 32, head carriage 34, and head
gantry 36. Cabinet 26 1s a structural component of system 10
and may include multiple structural sub-components such as
support frames, housing walls, and the like. In some embodi-
ments, cabinet 26 may include container bays configured to
receive consumable assemblies 12. In alternative embodi-
ments, the container bays may be omitted to reduce the
overall footprint of 3D printer 10. In these embodiments,
consumable assembly 12 may stand proximate to cabinet 26,
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while providing suflicient ranges of movement for guide
tubes 16 and print heads 18 that are shown schematically 1n
FIG. 1.

Platen 30 1s a platform on which 3D part 22 and support
structure 24 are printed 1n a layer-by-layer manner, and 1s
supported by platen gantry 32. In some embodiments, platen
30 may engage and support a build substrate, which may be
a tray substrate as disclosed 1 Dunn et al., U.S. Pat. No.
7,127,309, fabricated from plastic, corrugated cardboard, or
other suitable maternial, and may also include a flexible
polymeric film or liner, tape, or other disposable fabrication
for adhering deposited material onto the platen 30 or onto
the build substrate. Platen gantry 32 1s a gantry assembly
configured to move platen 30 along (or substantially along)
the vertical z-axis.

Head carrniage 34 1s a unit configured to receive and retain
one or both print heads 18A and 18B, and is supported by
head gantry 36. Head carriage 34 preferably retains each
print head 18A and 18B 1n a manner that prevents or restricts
movement of the print head 18 relative to head carnage 34
so that nozzle tip 14 remains in the x-y build plane, but
allows nozzle tip 14 of the print head 18 to be controllably
moved out of the x-y build plane through movement of at
least a portion of the head carriage 34 relative the x-y build
plane (e.g., servoed, toggled, or otherwise switched 1n a
pivoting manner).

In the shown embodiment, head gantry 36 1s a gantry
mechanism configured to move head carriage 34 (and the
retained print heads 18A and 18B) in (or substantially 1n) a
horizontal x-y plane above platen 30. Examples of suitable
gantry assemblies for head gantry 36 include those disclosed
in Swanson et al., U.S. Pat. No. 6,722,872; and Comb et al.,
U.S. Pat. No. 9,108,360, where head gantry 36 may also
couple to deformable baflles (not shown) that define a
ceiling for chamber 28. Head gantry 36 may utilize any
suitable bridge-type gantry or robotic mechanism for mov-
ing head carriage 34 (and the retained print heads 18), such
as with one or more motors (e.g., stepper motors and
encoded DC motors), gears, pulleys, belts, screws, robotic
arms, and the like.

In an alternative embodiment, platen 30 may be config-
ured to move 1n the horizontal x-y plane within chamber 28,
and head carriage 34 (and print heads 18A and 18B) may be
configured to move along the z-axis. Other similar arrange-
ments may also be used such that one or both of platen 30
and print heads 18A and 18B are moveable relative to each
other. Platen 30 and head carriage 34 (and print heads 18A
and 18B) may also be oriented along different axes. For
example, platen 30 may be oriented vertically and print
heads 18A and 18B may print 3D part 22 and support
structure 24 along the x-axis or the y-axis.

3D printer 10 also 1includes controller assembly 38, which
may include one or more control circuits (e.g., controller 40)
and/or one or more host computers (e.g., computer 42)
configured to monitor and operate the components of 3D
printer 10. For example, one or more of the control functions
performed by controller assembly 38, such as performing
move compiler functions, can be implemented 1n hardware,
software, firmware, and the like, or a combination thereof;
and may include computer-based hardware, such as data
storage devices, processors, memory modules, and the like,
which may be external and/or internal to 3D printer 10.

Controller assembly 38 may communicate over commu-
nication line 44 with print heads 18A and 18B, chamber 28
(e.g., with a heating unit for chamber 28), head carniage 34,
motors for platen gantry 32 and head gantry 36, and various
sensors, calibration devices, display devices, and/or user
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input devices. In some embodiments, controller assembly 38
may also communicate with one or more of platen 30, platen
gantry 32, head gantry 36, and any other suitable component
of 3D printer 10. While illustrated as a single signal line,
communication line 44 may include one or more electrical,
optical, and/or wireless signal lines, which may be external
and/or internal to 3D printer 10, allowing controller assem-
bly 38 to communicate with various components of 3D
printer 10.

During operation, controller assembly 38 may direct
platen gantry 32 to move platen 30 to a predetermined height
within chamber 28. Controller assembly 38 may then direct
head gantry 36 to move head carnage 34 (and the retained
print heads 18A and 18B) around 1n the horizontal x-y plane
above chamber 28. Controller assembly 38 may also direct
print heads 18A and 18B to selectively draw successive
segments ol the consumable filaments from consumable
assembly 12 and through guide tubes 16, respectively.

While, FIG. 1 illustrates an additive manufacturing sys-
tem, commonly referred to as a 3D printer, 10 where a build
plane 1s 1n a substantially horizontal x-y plane and the platen
30 1s moved 1n a z direction substantially normal to the
substantially horizontal x-y build plane, the present disclo-
sure 1s not limited to a 3D printer 10 as illustrated in FIG.
1

As 1llustrated 1n FIG. 2, heated air according to this
disclosure 1s provided within chamber 28 1n a unique, energy
cilicient manner. The chamber 28 has an interior 51 defined
by four walls, two opposing side walls 50 and 52, a back
wall 54 and a front wall 56. The front wall 56 has a door (not
shown) that 1s removable or positioned on a hinge mecha-
nism for providing access into the iterior 51 through door
opening 60. The print heads 18A and 18B are positioned at
the top 62 of the chamber 28, the print heads 18A and 18B
not shown for clarity in FIG. 2 but illustrated in position in
FIG. 1.

Air intake and exhaust systems 64 and 66 are positioned
on exterior sides 68 of opposing side walls 50 and 52. Only
one air intake and exhaust system 64 will be described since
both air intake and exhaust systems 64 and 66 are 1dentical
in construction. The air intake and exhaust system 64
includes a blower motor and blower 70 that directs air
through ductwork 76 to a heating element 74. Sidewalls 50
and 52 both include an mtake port 76 and exhaust port 78
disposed 1n sidewalls 50 and 52 such that intake port 76
provides access to air for blower motor and blower 70 and
exhaust port 78 provides access for air heated by the heating
clement 74 1nto the interior 51 of the chamber 28. Air intake
and exhaust systems 64 and 66 include a diffuser plate 160
between the blower motor and blower 70 and the heater or
heating element 74.

While the 3D part 22 and the support structure 24 are
printed, 1t 1s preferred that that the build envelope have a
substantially uniform temperature profile across the platen
width at a particular z height. As part of a print project, a part
may be built on any particular XY location across the print
platen. Often, many parts are printed during a print job, with
some parts being placed on one side of a platen, or 1n a
corner, or 1n the center region. Sometimes some parts are
wider 1n an X or Y dimension than others, and some parts
may be larger 1n height or mass than others. Regardless of
their dimensions or placement, they must be provided with
an equivalent thermal experience during the build process.
Having a substantially uniform hot air velocity tflow profile
ensures that all parts being made, regardless of placement
location on the platen, experience the same temperature
profile during the printing operation. Small or detailed parts
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experience quicker heat transfer through both conduction
and convection, than large bulky parts. Having a substan-
fially uniform temperature profile also prevents some parts
from experiencing rapid or uneven heating and cooling,
which causes intra-part stresses that can result in curling and
layer delamination. Additionally, the substantially uniform
temperature profille prevents the creation of overly hot
temperature zones across the platen width, and ensures that
that thermal degradation of any overly hot part materials will
be avoided

As mentioned above with respect to FIG. 2, a typical
heating system intakes air from the heated chamber of the
printer using a fan to draw the air through the inlet. The fan
then propels the air through the ductwork and towards the
outlet. The ductwork includes a heater which heats the air as
the air passes through 1t. However, the flow from a typical
fan has a non-uniform velocity profile and flow distribution
within a duct where the flow rate and velocity will be higher
proximate an outer wall 1n the direction of travel relative to
the inner wall due to the centrifugal force impart on the air
by the fan.

Referring to FIG. 3, a typical air velocity profile propelled
by a fan along a substantially straight duct 100 1s 1llustrated.
As a fan 102 i1s rotated in the direction of arrow 104, a
velocity profile 106a has a higher velocity and volumetric
flow rate proximate wall 108 and a lower velocity and
volumetric flow rate proximate a wall 110. As the air travels
along the duct 100, the maximum velocity profile begins to
change and slow at profile 1065, and further equalize at
profile 106c. As the air travels down the duct 100 away from
the fan 102, the velocity profile becomes more symmetrical
at 106d, due to frictional drag at the walls until the overall

substantially laminar and symmetrical flow distribution 1s
obtained at profile 106e.

In order to obtain a substantially uniform and symmetrical
velocity profile and laminar flow, a substantial length of
ductwork 1s required that typically 1s not feasible 1n a 3D
printer, especially when printers are small 1n size. In many
instances, the heater panel 1s constrained to a small geometry
and space. As such, when the air passes over a heater 1n the
ductwork, a non-uniform velocity profile results in a non-
uniform temperature distribution. For example, when the air
having a velocity profile 106a, the region proximate the wall
108 will be heated to a higher temperature than the region
proximate the wall 110. In some instances when the air
velocity 1s sufficiently low in some regions of the ductwork
an 1nsufficient amount of heat 1s transferred from the heater
to the air which can result in heater discoloration and
premature heater failure.

Referring to FIG. 4, a velocity profile of the same fan 102
as illustrated 1 FIG. 3 can be transformed from a non-
uniform velocity profile 106a to a substantially uniform
velocity profile 112 with substantially laminar flow, even
though the distance before the heater unit 1s not adequate to
achieve uniformity, by positioning a perforated diffuser plate
114 1n the ductwork. The diffuser plate 114 spans the
cross-sectional area ductwork and includes restrictions in the
flow path to modify the wrregular flow pattern. In one
example, a diffuser plate with a plurality of substantially
uniformly spaced through bores having substantially uni-
form diameters 1s placed in the ductwork upstream of the
heater. The diffuser plate resists flow of air through the
ductwork, which builds backpressure on an upstream side
116 of the diffuser plate 114, such that the pressure proxi-
mate the upstream side 116 of the diffuser plate 114 1s made
substantially uniform.
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The substantially equalized pressure proximate the
upstream side 116 of the diffuser plate 114 forces air through
the through bores within the diffuser plate, which results 1n
a substantially uniform velocity profile 112. The air exiting
the diffuser plate has a substantially uniform velocity profile
112, with a resulting and slowed substantially laminar flow.
The more evenly and consistently the air fed to the heater
inlet can be provided, the more uniformly heat exchange can
occur across the heater device. As a result, the more uni-
formly the temperature profile becomes of the air exiting the
ductwork. The i1ncreased temperature uniformity extends to
the consistency of heating capability of all of the build parts
distributed across the build platen.

The length of ductwork required to achieve laminar flow
in ductwork downstream of the diffuser plate and prior to the
heating unit with a substantially rectangular cross-section 1s

defined by the following equation:

L _=0.04R A (Equation 1)
Where
P Vh (Equation 2)
Y.

Substituting Equation 2 into Equation 1, results in the
following equation

0.04V i* (Equation 3)

L. =
J;

Where L _ 1s the length to develop laminar flow, V 1s the
average velocity, h 1s the distance between two opposing
sides of the ductwork, u 1s the kinematic velocity of the fluid
and R _ 1s the Reynold’s number, which for laminar flow 1s
less than 2,000.

The diffuser screen can be used with any suitable duct-
work of the air intake and exhaust systems including a
substantially straight ductwork path 150 for air inlet, heater
and air exit, as 1llustrated in FIGS. 5 and 6. The substantially
straight ductwork 150 draws air in with a blower motor and
blower (not shown) proximate an inlet 152 that 1s located
proximate a bottom of the build chamber due to the con-
figuration of the chamber, drawing 1n cooler air to be
reheated. The ductwork 150 includes an exhaust port 154
that 1s aligned with the build envelope in the 3D printer.

The ductwork includes an expansion zone 156 that
increases the cross-sectional area of the ductwork 150 from
the 1nlet to allow for equipment, such as heaters, to be placed
in the ductwork 150 to provide the heat exchange in the
ductwork with the air to heat the chamber to a desired
temperature profile. A diffuser plate 160 1s positioned within
the ductwork 150 after the expansion zone 156 and spans a
cross-sectional area of the ductwork 150 to restrict the air
flow and equalize the pressure at the upstream side of the
diffuser plate 160. The diffuser plate 160 includes uniformly
spaced through bores that have a substantially uniform
diameters that allow air to pass through at a substantially
constant velocity such that laminar flow 1s established prior
to entering the heater 164. The diffuser plate 160 1s typically
located a distance D1 from the entrance to the heater 164
that allows laminar flow to be established while minimizing
the distance D1 between the entrance to the heater and the
diffuser plate 160. An exemplary ratio of the distance D1 to
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the height of the diffuser plate 160 ranges from about 1:1 to
about 2:1 to provide substantial laminar flow entering the
heater 164.

The air flows over and through the heater 164 to transier
heat 1nto the air. As the air 1s 1n a substantially symmetrical
laminar flow pattern, the air 1s more uniformly heated. The
more uniformly heated air 1s then discharged into the heated
chamber of the build envelope, resulting 1n an envelope with
a more uniform temperature profile.

Referring to FIGS. 7 and 8, a substantially “U” shaped
ductwork of the air intake and exhaust system 1s 1llustrated
at 170. The substantially “U” shaped ductwork includes an
inlet 172 that draws air into the ductwork 170 and an outlet
174 that exhausts heated air into the heated chamber, where
both the mnlet 172 and the outlet are proximate the build
envelope. Exemplary “U” shaped ductwork 1s disclosed 1n
Schuller et al. U.S. Pat. Nos. 10,265,941 and 11,161,336.

A tan 176 1s located in the ductwork and draws air into the
ductwork 170 through the inlet 172 and propels the air
towards the outlet 174, such that the air 1s exhausted into
heated chamber proximate the building envelope. A heater
178 1s located 1n the ductwork 170 proximate the outlet 174
and 1n a substantially straight, vertical region 180 between
the outlet 174 and an arcuate region 182 of the ductwork
170. With this *“U” shaped airtlow pattern, the air velocity
pattern typically has a significant flow vanation across the
cross-sectional area of the ductwork, due to travel around the
arcuate region 182. The flow vanations through the duct-
work would lead to significant thermal variations in the
heater unit, and the air exiting the heater unat.

A perforated difluser plate 184 spans the ductwork 1n the
substantially straight vertical region 180 to restrict the air
flow and equalize the pressure at the upstream side of the
diffuser plate 184. The diffuser plate 184 includes uniformly
spaced through bores 186 with that allow air to pass through
them, while forcing the overall flow pattern to normalize to
a substantially constant velocity such that laminar flow 1s
established prior to entering the heater 178. The diffuser
plate 184 1s typically located a distance D2 from the entrance
to the heater 178 that allows laminar flow to be established
while minimizing the distance D2 between the entrance to
the heater and the diffuser plate 184. An exemplary ratio of
the distance D2 to the height of the diffuser plate ranges
from about 1:1 to about 2:1 to provide substantial laminar
flow entering the heater 164.

The air flows over and through the heater 178 to transier
heat 1nto the exhaust air entering the build envelope. As the
air 1s 1n substantial uniform in flow (minus the wall frictional
drag), the air 1s more uniformly heated. The more uniformly
heated air 1s then discharged into the heated chamber,
resulting 1n a more uniform temperature profile throughout
the build envelope.

Referring to FIG. 9, an exemplary perforated diffuser
plate 1s illustrated at 200. The diffuser plate 200 includes
substantially uniformly spaced through bores 202. Adjacent
horizontal rows 204 and vertical rows 206 are oflset from
cach other to aid 1n obtaining a more uniform velocity profile
and volumetric flow rate that leads to substantially laminar
flow entering the heater. Other perforation patterns, and
other hole sizes or shapes are as eflective 1n equalizing the
flow pattern across 1ts width, as long as an optimal amount
of air restriction 1s provided with “open space” for air to
flow. It 1s also possible to provide holes with a variety of
perforation sizes, to further optimize and force the air flow
to redistribute after ex1t111g the diffuser plate 200. Holes 1n
the portlon of the diffuser plate which receives higher

velocity air flow with respect to wall region 108 could be
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made smaller and more restrictive than holes 1n wall region
110 of the diffuser plate, further providing the capability to
change and even out the flow pattern, if desired.

An exemplary range of the percentage of open space 1n
the diffuser plate 200 1s between about 35% and about 75%
to balance volumetric tlow rate with fan power. A more
exemplary range of open space in the diffuser plate 200 1s
between about 37% and about 65% and even more particu-
larly between about 40% and about 60%.

The size of the through bores 202 are determined by
balancing the fan power with the desired volumetric flow
rate exhausted into the heated chamber. If the percentage of
open space 1s overly constricted by reducing the diameters
of the through bores, then excessive pressure can build 1n the
ductwork between the diffuser plate and the fan, which can
prevent the fan from functioning properly. Ultimately, the
fan motor would likely overheat and prematurely fail. Con-
versely, 11 the percentage of open space 1s too large, then
there will not be substantially uniform back pressure at the
inlet side of the diffuser plate, resulting 1n an 1nconsistent
temperature air tlow exhausted into the chamber.

By way of non-limiting example, the diameters of the
through bores can range from about 0.06 inches to about
0.30 inches, depending upon the size of the ductwork. More
particularly, the size of the diameters of the through bores
can range from about 0.07 inches and about 0.25 inches. In
some embodiments a 0.077 inch diameter through bore 1s
utilized in a diffuser plate with an area of 4.6 in* with an
open area of about 45%. In other embodiments, a 0.25 inch
diameter through bore hole size 1s utilized 1n a difluser plate
with a 15.84 in® area, with an open airflow passage area of
about 58%. In yet other embodiments, one embodiment the
diffuser plate has 0.125 inch diameter through bores 1n a
diffuser plate with an area of 25.02 in” and an open area of
40%. Again, the size of the through bores and the percentage
open area 1s a balance of fan power and desired exhausted
volumetric tlow rate of the heated air.

EXAMPLES

The present disclosure 1s more particularly described 1n
the following examples of calibration algorithms that are
intended as illustrations only, since numerous modifications
and variations within the scope of the present disclosure will
be apparent to those skilled in the art.

Example 1

A 3D printer having ductwork as illustrated 1n FIGS. 5
and 6, that has a substantially straight path between 1nlet and
outlet, on opposing sides of the chamber was used to print
3D parts. A 90° C. setpoint for the chamber was set and the
temperature profile was determined and 1s 1llustrated 1n FIG.
10. The build envelope mean temperature was 97.7° C., with
individual temperature datapoints having a range of 42.7° C.
and a standard dewviation of 8.5° C. for different positions
across the build platen.

A diffuser plate with a 0.077 inch diameter through DOre
is utilized in a diffuser plate with an area of 4.6 in® with an
open area ol about 45% was nstalled as illustrated 1n FIGS.
5 and 6. The temperature profile was determined as 1llus-
trated 1n FIG. 11. Again, diflerent positions were monitored
to determine local temperatures. The mean temperature of
the build envelope was 86.3° C., the range of individual
temperature data points was 8.3° C. and the standard devia-
tion was 1.4° C.
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The use of the diffuser plate 1n the ductwork resulted 1n a
more consistent temperature profile across the build enve-
lope with a significant decrease in the temperature range by
34.7° C. and a decrease 1n the standard deviation by 7.1° C.
While not being bound to theory, 1t 1s believed that the
increased temperature consistency 1s the result of restricting
the airflow at the diffuser plate to substantially equalize
pressure and the velocity profile exiting the diffuser plate
such that the air flow was significantly more equalized and
laminar as it engaged with the heater fins. This resulted 1n
the more consistent temperature profile in the ductwork
exhaust, and 1n the overall build envelope.

Example 2

Using the substantially “U” shaped ductwork as illus-
trated 1n FIGS. 7 and 8, a theoretically calculated model was
created to simulate air velocity profiles based on whether
there was a difluser plate to restrict air flow, or not, as well
as the resulting air velocity and temperature readings result-
ing based on the use of a variety of through bore opening
s1zes, and D1 positioning locations for the difluser plate. A
first velocity profile 1s illustrated in FIG. 12, where the
ductwork does not include a diffuser plate, and the straight
length of the latter portion of the U duct, after the U bend but
prior to the heater fins, 1s approximately 7 inches. The heater
ductwork containing fins had a length of roughly 6 inches.
The velocity profile 1llustrates a significant variation 1n
velocity profile across the width of the ductwork where there
1s a high velocity along the lower wall of the arcuate portion
of the ductwork that continues to follow the outer wall and
out of the exhaust port. There 1s little air flow proximate the
upper wall of the arcuate portion that follows to inner, upper
wall, which results 1n an uneven tlow through the heating
unit, and uneven heating of the air across the build envelope.

A diffuser plate with consistently sized 0.25 inch diameter
through bores, with a 15.84 in® area spanning the area of the
ductwork, and with an overall open area of about 58%, was
then mserted 1nto the model, being spaced approximately 5.5
inches prior to the heater fins, and another simulation was
run. The results are illustrated in FIG. 13 and illustrate a
much more even and uniform velocity profile and volumet-
ric tlow rate, which will result 1n a more umiform tempera-
ture profile exhausted into the chamber. This 1n turn results
in a more uniform temperature profile 1n the print envelope,
and more consistently heated, better quality 3D parts.

Although the present disclosure may have been described
with reference to preferred embodiments, workers skilled in
the art will recognize that changes may be made in form and
detail without departing from the spirit and scope of the
disclosure.

The 1nvention claimed 1s:
1. An extrusion-based 3D printer configured to print 3D
parts 1n a layer-by-layer manner, the 3D printer comprising;:

a heated build chamber; a build platen within the cham-
ber:;

at least one print head configured to extrude material onto
the build platen or previously extruded material
wherein the at least one print head 1s configured to
move 1n a print plane and deposit material in a build
envelope; and

at least one air intake and exhaust system comprising:

ductwork having an ilet configured to intake air from the
build chamber and an outlet configured to exhaust air
into the build chamber proximate the build envelope
and 1n a direction substantially parallel to the print
plane;

10

15

20

25

30

35

40

45

50

55

60

65

14

a fan proximate the inlet and configured to draw air into
the ductwork through the inlet and propel the air
towards the outlet;

a heater proximate the outlet, the heater configured to heat
the air as the air passes the heater; and

a perforated diffuser plate within the ductwork and
located between the fan and the heater, wherein the
perforated diffuser plate 1s oriented substantially
orthogonal to the ductwork 1n the direction of airtlow,
wherein the perforated difluser plate 1s configured to
resist air flow and cause a pressure on an upstream side
of the perforated diffuser plate to be raised and be
substantially constant across a cross-sectional area of
the ductwork proximate the perforated difluser plate,
the perforated diffuser plate having through bores con-
figured 1n a pattern to allow air to pass therethrough
such that the air has a substantially uniform velocity
profile with laminar flow as the air engages the heater
and when heated and exhausted into the heated build
chamber, a temperature profile within the build enve-
lope 1s more uniform relative to an air intake and
exhaust system without the perforated diffuser plate
within the ductwork.

2. The 3D printer of claim 1, wherein the perforated
diffuser plate has an open space ranging from about 35% to
about 75%.

3. The 3D printer of claam 1, wherein the perforated
diffuser plate has an open space ranging from about 37% to
about 65%.

4. The 3D printer of claim 1, wherein the perforated
diffuser plate has an open space ranging from about 40% to
about 60%.

5. The 3D printer of claim 1, wherein the through bores
have a uniform size ranging between from about 0.06 inches
to about 0.30 inches in diameter.

6. The 3D printer of claim 1, wherein the through bores
have a non-uniform size range from about 0.06 inches to
about 0.30 inches in diameter.

7. The 3D printer of claim 1, wherein the diffuser plate 1s
located a distance 1n the ductwork from an inlet to the heater
at a ratio of the distance to the height of the diffuser plate that
ranges from about 1:1 to about 2:1.

8. The 3D printer of claim 1, wherein the ductwork
comprises a substantially straight configuration wherein the
inlet 1s below the outlet 1n the heated build chamber.

9. The 3D printer of claim 8, wherein the ductwork
comprises a constricted zone proximate the inlet and an
expanded zone proximate the outlet, wherein the heater and
the perforated difluser plate are located in the expanded
zone.

10. The 3D printer of claam 1, wherein the ductwork
comprises a substantially “U” shape wherein the inlet and
the outlet are located proximate the print plane.

11. The 3D prmter of claim 10, wherein the ductwork
having the substantially “U” shape comprises:

a substantially straight first portion 1 communication
with the inlet, wherein the fan 1s located i1n the sub-
stantially straight first portion;

an arcuate portion 1 communication with the substan-
tially straight first portion; and

a substantially straight second portion in communication
with the arcuate portion, wherein the heater and the
perforated difluser plate are located 1n the substantially
straight second portion.

12. A 3D printer system configured to print parts by

depositing molten extruded material along tool paths, the
system comprising:
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a chamber comprising opposing side walls;
a print head configured to extrude molten build materal;
a platen on which the molten extruded build material 1s to
be deposited along tool paths to print a part in a
layer-wise manner within the chamber, the platen con-
figured to move between the opposing side walls; and
a heating system for locally heating the chamber 1n a build
plane above the platen, the heating system comprising
opposing air intake and exhaust systems located on
exterior surfaces of the opposing side walls, each air
intake and exhaust system comprising:

ductwork having an inlet configured to intake air from
the chamber and an outlet configured to exhaust air
into the chamber proximate the build plane 1 a
direction substantially parallel to the build plane;

a fan within the ductwork proximate the inlet and
configured to draw air 1into the ductwork through the
inlet and propel the air towards the outlet;

a heater within the ductwork prox1mate the outlet the
heater configured to heat the air as the air passes the
heater before discharge from the outlet; and
a perforated diffuser plate within the ductwork and

located between the fan and the heater, the perforated

diffuser plate being oriented substantially orthogonal
to the ductwork 1n the direction of airflow, wherein
the perforated difluser plate 1s located a distance 1n
the ductwork from an 1nlet to the heater at a ratio of
the distance to a height of the perforated diffuser
plate that ranges from about 1:1 to about 2:1,
wherein the perforated diffuser plate 1s configured to
resist air flow and cause a pressure on an upstream
side of the perforated difluser plate to be raised and
be substantially constant across a cross-sectional
area of the ductwork proximate the perforated dii-
fuser plate, the perforated diffuser plate havmg
through bores configured 1n a pattern to allow air to
pass therethrough such that the air has a substantially
uniform velocity profile with laminar flow as the air
engages the heater and when heated and exhausted
into the heated build chamber, a temperature profile
proximate the build plane 1s more uniform relative to
an air intake and exhaust system without the perio-

rated diffuser plate within the ductwork.

13. The 3D printer of claim 12, wheremn the perforated
diffuser plate has an open space ranging from about 33% to
about 75%.
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14. The 3D printer of claim 12, wherein the perforated
diffuser plate has an open space ranging from about 37% to

about 65%.

15. The 3D printer of claim 12, wherein the perforated

diffuser plate has an open space ranging from about 40% to
about 60%.

16. The 3D printer of claim 12, wherein the perforated
diffuser plate includes through bores comprising rows and
columns wherein through bores 1n adjacent horizontal rows
are offset from each other and wherein through bores 1n
adjacent vertical rows are oflset from each other, wherein the
perforated diffuser plate 1s configured to resist air flow to
raise a pressure on an upstream side of the diffuser plate to
be substantially constant across a cross-sectional area of the
ductwork proximate the diffuser plate.

17. The 3D printer of claim 12, wherein the perforated
diffuser plate has substantially uniformly spaced through
bores configured to allow air to pass therethrough such that
the air has a substantially unmiform velocity profile with
laminar tlow as the air engages the heater.

18. The 3D printer of claim 12, wherein the ductwork
comprises a substantially straight configuration wherein the
inlet 1s below the outlet 1n the chamber.

19. The 3D printer of claim 18, wherein the ductwork
comprises a constricted zone proximate the inlet and an
expanded zone proximate the outlet, wherein the heater and
the perforated difluser plate are located in the expanded
Zone.

20. The 3D prnter of claim 12, wherein the ductwork
comprises a substantially “U” shape wherein the inlet and
the outlet are located proximate the buwld plane.

21. The 3D prnter of claim 20, wherein the ductwork
having the substantially “U” shape comprises:

a substantially straight first portion 1n communication
with the inlet, wherein the fan 1s located in the sub-
stantially straight first portion;

an arcuate portion 1 communication with the substan-
tially straight first portion; and

a substantially straight second portion in communication
with the arcuate portion, wherein the heater and the
perforated diffuser plate are located 1n the substantially
straight second portion.
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